ABSTRACT
INTRODUCTION
Hygrothermal performance of soils coupled to buildings is complicated because of the dearth of information on soil properties. A computational approach for heat transfer through the ground has been well defined (EN-ISO-13370 2007) , and simplified methods have been developed (Staszczuk et al. 2010) . However, these approaches generally ignore the transfer of soil moisture, which is not negligible (Janssen et al. 2004) .
The material properties of soils must be reliable for the performance of realistic hygrothermal calculations of soils coupled to buildings, but such material properties are not well defined in present hygrothermal calculation tools. Typical types of building construction that are greatly influenced by soils are basements, crawl spaces, and slabs on grade. Reliable hygrothermal performance indicators for these constructions are sorely needed; requests for this ranked within the top ten Building America Enclosure Research Ideas at the Enclosures STC-Residential Energy Efficiency Stakeholder Meeting held February 29, 2012, in Austin, Texas. The soil science literature contains an extensive amount of measurements on soil properties, but this information must be gathered as well as adapted for application to hygrothermal simulations in building science. Soil properties are important when analyzing and designing both new buildings and retrofits for which the outer boundary of the building enclosure will consist of soil materials. For basement retrofits aimed at energy efficiency, interior solutions to decrease the energy demand must be designed in consideration to existing soil properties. For exterior retrofits, the soil material can be replaced, if needed, with a more suitable filling material, though this approach applies only to basement walls. The soil material beneath the basement floor obviously cannot be replaced; hence the soil properties of this part of a building enclosure still must be taken into consideration.
The intention of this first part is to gather, comprehend, and adapt soil properties from soil science. The obtained information must be applicable to related tasks in building science and validated with hygrothermal calculation tools, where basic changes in the software code may be required in the future. Different types of basement construction will be created with a hygrothermal calculation tool, WUFI. Simulation results from WUFI are to be compared with existing thermal only measurements and will be accomplished with ongoing hygrothermal measurements.
The final outcome of the study will be the evaluation of several soil types in several climate zones for a number of basement assembly types. The study will define the type of soil, together with the type of building construction, considered most and least reliable with respect to energy consumption and moisture safety. Further, the study will determine (1) the influences that different soils have on total energy loss through the ground and (2) whether the performance of different soils can be measured solely by a comparison of soil properties.
HYGROTHERMAL SOIL PARAMETERS
Soils can be classified by soil texture. According to the Unified Soil Classification System (USCA), 12 different soils can be defined on the basis of three soil components: clay, sand, and silt (Noorallah 1999) . The 12 soil textures in the USCA are presented in the soil texture triangle shown in Figure 1 . This study will define the material properties of these 12 soil types.
The soil properties of interest for hygrothermal calculations are:
1. Dry bulk and particle density 2. Porosity 3. Thermal conductivity 4. Specific heat capacity 5. Moisture storage function 6. Liquid water transfer These soil properties will be defined in this study for the 12 soil textures presented in Figure 1 . These properties will be collected from multiple studies, measurements, and standards; and empirical formulas will be created and used to estimate their variations as a function of different parameters. The influence of gravity on water movement in soil is typically neglected because the water pressure head is usually much higher than the gravitational pressure (Gopalakrishnan and Manik 2007; Prunty 2009 ).
Moisture Storage Function
The van Genuchten equation for the estimation of soil hydraulic properties, Equation 1, has been widely used since it was first published in 1980 (Neto et al. 2011; van Genuchten 1980; Zhou andYu 2005) . In the equation, the soil water retention curve (WRC) defines the relationship between the volumetric water content of the soil as a function of the suction pressure, p suc , expressed as an equivalent soil pressure head, h, (meters) in the above mentioned studies. The WRC can be obtained by use of the analytical expression of the effective saturation (also referred to as normalized water content), S e :
Hence the volumetric water content can be expressed as: ) and (-)
The parameter n is related to the pore size distribution where a larger value corresponds to more uniform pore sizes (Zhou and Yu 2005) . The value of  is related to the inverse of the bubbling point, representing the air pressure at the point of air entry into a pore (Schaap et al. 2001) and m is related to the asymmetry of the curve (Zhou and Yu 2005) . The soil textures analyzed in this study (the type of soils for which essential properties for hygrothermal simulation will be defined) correspond to the 12 texture classes used by the Natural Resources Conservation Service of the US Department of Agriculture (Noorallah 1999) . The soil texture classes are defined in Table 1 where the (Duble 2011; Noorallah 1999) .
input parameters of Equation 1 and Equation 2 are based on 560 soil samples obtained from a computer software for estimating soil hydraulic characteristics (Schaap 2002) . The functions are be either measured directly or estimated indirectly through prediction from more easily measured data based using quasiempirical models to estimate unsaturated hydraulic properties from surrogate soil data such as soil texture data and bulk density. Models of this type are called pedotransfer functions (PTFs) since they translate basic soil data into hydraulic properties and are state of the art in soil science. The sorption isotherm describes the water content, w (kg/m 3 ), of a material as a function of the relative humidity, w() or w (RH), which is an essential parameter when making hygrothermal calculations with porous materials. Ongoing field measurements will show whether the approach in Equation 1 is valid in the capillary region only or also at relatively dry conditions. The WRC, thus the soil water pressure head, p suc , can be expressed as the relative humidity with the Kelvin equation (Kiessl and Gertis 1980) : he contact angle, , between the water meniscus and the capillary walls can be assumed equal to zero (Hagentoft 2001) due to the hydrophilic properties of the pore wall in stony or wood based materials (Hens 2007) , as for soils. Hence the radius of the capillary tube can be expressed as r =
The relative humidity in Equation 3 can be expressed as function of p suc :
The soil water pressure head, h, can be described as suction pressure, p suc :
Combining Equation 6 and Equation 7 results in: 
Further, the volumetric water content in Equation 2 are given as a function of .
The relation between the water content, w, and the volumetric water content, , is:
Finally w can be expressed as a function of  with the van Genuchten equation:
Obviously  in Equation 6 cannot be described solely as a function of the p suc when considering the moisture storage. Temperature also has an influence on the suction pressure, though proven almost insignificant in the temperature range between 0°C and 20°C ( Figure 2 ). Therefore, in this study, the temperature is assumed to be 10°C. The resulting moisture storage functions of the 12 soil textures, based on Equation 11, are presented in Appendix A.
Hysteresis is defined as the difference in moisture storage capacity of a material depending on the state from which the material is moving from. A material that is in a drying process has a higher moisture storage capacity at a given  than a material that is in a wetting process (Hagentoft 2001) . The effect of hysteresis on hydraulic soil properties has been investigated (Šimunek et al. 1999) but will not be taken into account for the moisture storage capacity due to software limitations, though considered in the liquid diffusivity, defined later in this paper.
Liquid Water Transfer
The liquid diffusivity, D, can be defined for one-dimensional water flux as a function of K() and WRC (Gopalakrishnan and Manik 2007; Hills et al. 1989; Prunty 2009 ):
in which K is hydraulic conductivity as a function of volumetric water content. Further, liquid diffusivity can be expressed as a function of the effective saturation, S e , for unsaturated soils (van Genuchten 1980):
where
/s) K s = saturated hydraulic conductivity, (m/s) All other variables are specified under Equation 2. In addition, the value of liquid diffusivity varies according to whether the soil is being dried or wetted (i.e., an effect of hysteresis). The liquid diffusivity for a soil that is being dried is referred to as drying or drainage diffusivity, whereas a soil being wetted is referred to as wetting or absorption diffusivity. In this study, the terms drying diffusivity, D dry , and wetting diffusivity, D wet , are applied.
Equation 13 represents the drying liquid diffusivity (Mabirizi 2000) ; hence:
Consequently, the wetting diffusivity also needs to be established. There exist very few measurements of both drying and wetting diffusivities where the latter can be determined either by Mitchell's test method (Mabirizi and Bulut 2009) or by the relation between the drying and wetting diffusivities in which either of the unknown diffusivities can be estimated. In this study, a relation factor,  is applied:
The effects of the disparity between the wetting and drying soil conditions and of the moisture storage function in Equation 11 have been investigated, using the input parameters of van Genuchten (Šim nek et al. 1999 ). According to the authors, the hysteresis can be taken into account for WRC of unsaturated soils by making the following assumption of the fitting parameter : 
This assumption is proven to work well for the moisture storage function in Equation 2 (Šim nek et al. 1999 ).
According to a study of 40 different samples comprising six different soil types, the relation factor, , may vary between 0.6 and 3.9 (Mabirizi and Bulut 2009) , where the overall average from the measurements is 1.75, but only parts of the 12 soil types were investigated in that study.
In this study, D dry is determined with Equation 13 together with the input parameters defined for the 12 soil textures in Table 1 . D wet is determined with the relation factor of 1.75 in Equation 15 . D dry values for the defined soil texture classes are presented in Appendix B together with D wet for clay and silt. The necessity of distinguishing the liquid diffusivity into D dry and D wet might be questionable due the small disparity of their distributions. Still, the two different diffusivities remain in this study.
The liquid diffusivities are presented together with the moisture content, w, which can be expressed as a function of effective saturation:
from combining Equation 1 and Equation 10.
Vapor Diffusion Resistance Factor
The water vapor diffusion resistance factor, , that is, the rate of vapor diffusion through a material in comparison with stagnant air, is typically assumed to be 50 for soils (EN-12524 2000) , which corresponds to a permeability of about 2.6 perm-in.
Dry Bulk Density, Particle Density and Porosity
The bulk density of soil is the combined weight of the soil solids, water, and air divided by the bulk volume (kg/m 3 ). The dry bulk density,  b , which is an important material property, is the bulk density for a completely dry soil. The bulk density typically increases with soil depth on account of reduced organic materials and natural compaction (USDA 2008) . Compaction is the phenomenon by which soils are compressed, which usually decreases the porosity (Richard et al. 2001 ) and thus the ability for water and vapor absorption. Other research has shown that the bulk density varies mainly down to 0.3 m (Kim et al.2010 ) where a 7% increase in bulk density can be expected from 0 to 1 m (Ray et al. 2004) . In this study, the effect of compaction will not be taken into account when estimating soil material properties.
In addition, the bulk density depends on the soil type (Keller and Håkansson 2010) . Table 2 presents  b for the 12 specified soil textures, based on average values from 560 soil samples (Schaap 2002) .
The particle density,  s , in soils is defined as the mass of the solids divided by the volume of the solids. Consequently, without considering the volume of the pores or the mass of liquid and gas inside the pores, the particle density can be used to determine the porosity, n, in relation with the bulk density:
Naturally, the volumetric water content at saturation,  s , cannot exceed the porosity if the swelling phenomenon is neglected.
The particle density of soils and earth materials is typically assumed to be 2650 kg/m 3 (Blanco-Canqui et al. 2006; Eshel et al. 2004 ) though variation exists between 2400 and 2900 kg/m 3 depending on the composition of minerals and organic components (Rühlmann et al. 2006 ). An existing study presents the particle densities from 176 experimental sites (Keller and Håkansson 2010) which include nine of the 12 defined soil textures. In this study these variations are applied. The particle density of the other three soil textures, which is not included, is assumed to equal 2650 kg/m 3 . The particle densities and porosities for the 12 soil textures are presented in Table 2 .
Thermal Conductivity and Heat Capacity
The thermal conductivity, k, of soils increases with the moisture content (Abu-Hamdeh 2003). Other factors that influence the conductivity, though slightly, are mineral composition, temperature, soil texture, and time (Becker and Fricke 1997 ). An empirical solution of k has been defined on 
the basis of the available data collected from the literature as a function of effective saturation, S e , of three different soil textures: sand, silt, and clay (Becker and Fricke 1997) :
Hence, k can be defined as
where S e = effective saturation, -k = soil thermal conductivity, W/m·K  1-4 = coefficients varying with soil type, -
The results of calculating the soil thermal conductivity by Equation 20 for clay, sand, and silt are presented in Appendix C, though as a function of water content, w. The water content is expressed as a function of effective saturation in Equation 17; hence k(w) becomes:
The soil thermal conductivities for clay, sand, and silt, both frozen and unfrozen, are presented in Appendix C in relation to soil water content.
Of the 12 soil textures defined by the USCA, sand, silt, and clay are the three major ones, with the other nine textures defined from them. No coefficients are presented for these nine textures (Becker and Fricke 1997) since, in this study, an interpolation has been made based on the distributions of the thermal conductivity of clay, sand, and silt. The interpolation is also based on the assumption that these three major textures are not pure clay, sand, and silt; instead, they are assumed to have their average composition given by Figure 1 . The reason behind this approach is that the coefficients for the thermal conductivity presented in Table 3 are based on multiple samples within the range of clay, sand, or silt. Thus the coefficients of clay, sand, and silt represent average values. The assumed compositions of the three provided soil textures are presented in Table 4 . The soil compositions are the basis for obtaining the thermal conductivities for intermediate soil textures with a system of linear equations. This method, together with results, is presented in Appendix D.
The resulting soil thermal conductivities for sand, loam, silt, and clay are presented in Figure 3 . The distribution of loam rely on their defined portion of clay, sand, and silt, which then are implemented into the result of a system of linear equations described in Appendix C.
The specific heat capacity of dry soils, c dry , can vary from 710 to 1550 J/kgK (Olchev et al. 2009 ), though most commonly c dry is assumed to be about 850 J/kgK (Acs et al.1990; Kung and Steenhuis 1986) where the actual volumetric heat capacity of the soil, c, increases linearly with the soil moisture content:
where  b is the dry bulk density (kg/m 3 ), w is the water content, and c w is the specific heat capacity of water (J/kgK). 
------------------------------------------------------------------------------------------------------

VALIDATION WITH THERMAL SOIL MEASUREMENT
Since 1987 the temperatures at different depths of a local soil have been measured at Fraunhofer Institute for Building Physics in Holzkirchen, Germany. Three different temperatures are measured hourly: at the surface and at the depths of 0.5 and 1.0 m. Simultaneously, at the same location, comprehensive weather data have been measured, which enables the thermal behavior of the soil to be validated by a computer simulation. The typical soil in the Holzkirchen area is loamy sand (LFU Bayern 2012), the properties of which are applied in the simulation model discussed previously.
In this study, the period from 2005 to 2009 has been simulated in WUFI 1D (Künzel 1995) for the comparison and thermal validation of the soil properties. The model has been designed to represent the semi-infinite conditions of onedimensional heat transfer through the ground according to Figure 4 .
Typically, the precipitation in a simulation model functions as a boundary condition in which the moisture load initially affects only the grid element closest to the border, e 1 . If this element is saturated, it will not have further moisture storage capacity; hence, the surplus of moisture is neglected. This assumption is acceptable for a surface with drainage (e.g., a vertical wall) though not applicable in soils in which most of the precipitation will be absorbed eventually. Instead, in this model, the precipitation is distributed directly into the first four elements, e 1 to e 4 , as an impregnated source (see Figure 4 ). This approach decreases the amount of precipitation neglected during the simulation run and serves as the best practice manageable with the current WUFI model.
The temperature variations of the ground vary with the surface temperature, with the amplitude of the average temperature decreasing with ground depth. At the depth of 10 m, the annual temperature variation of a typical soil is about 4% of the temperature variation at the surface (Hagentoft 2001) . At the depth of 20 m, the corresponding variation is 0.2%, which is the depth used in the simulation model of this study. The average ground temperature at Holzkirchen is estimated to 9.5°C (Heidreich 2006) which is the assumed constant temperature at the ground boundary (i.e., at the depth of 20 m). This approach simplifies the semi-infinite temperature variations of the ground for a model defined by boundaries.
The moisture transfer of the ground behaves accordingly. In this study, the starting moisture content of the soil is based on 10 years of pre-simulation where the moisture content of the lower boundary remains constant. This assumption does not enable moisture to pass the lower boundary; hence the moisture content of the simulation model, at different depths, varies solely on the basis of the variation of the moisture content at the upper surface of the ground. Future enhancements to the WUFI software will attend to this deficiency.
The results of the comparison between simulated and measured ground temperature in soil at Holzkirchen are presented in Figure 5 . The slightly lower simulated ground temperature between July and October could be a result of a too high surface heat transfer coefficient. In the simulation model, the wind-driven heat transfer coefficient is assumed to represent the clean horizontal surface of a flat roof, though in reality there are other factors that should be taken into account. First, the surface of the ground is not clean and smooth. The texture of the grass will affect the surface wind velocity, thus the convectioninduced heat transfer. Further, the measurement of the ground temperature is taken in the vicinity of other objects, such as buildings, which naturally also will have an effect. A brief analysis of the effects of these factors on the heat transfer coefficient was performed, revealing a better fit between the measured and the simulated temperature variations.
Additionally, neither snow coverage nor its effect on the surface thermal resistance and long-and short-wave radiation is taken into account in the simulation.
DISCUSSION AND CONCLUSION
The soil properties of interest in building science have been defined for 12 different soil textures. These properties can serve as input parameters when performing hygrothermal calculations of building constructions coupled to soil In sand, the moisture storage capacity increases insignificantly for relative humidity below 99.8%, which makes sand nonhygroscopic. Loamy sand shows similar behavior as sand with regard to the moisture storage function. Of the 12 defined soil textures, the moisture storage capacity increases most rapidly for clay.
The liquid diffusivity must be distinguished into two types, wetting and drying diffusivities, of which the latter is usually a little smaller. The drying diffusivity is commonly measured and expressed in existing literature; hence a relation factor for the wetting diffusivity has been established and applied in this study.
The thermal conductivities for clay, sand, and silt have been defined in existing studies. The other nine defined soil textures have been estimated by combining the thermal conductivities of these three soil components.
The comparison of measured and simulated ground temperature at the depth of 1 m shows rather good agreement, though improvements to the simulation model are required. Currently, WUFI does not allow full absorption of precipitation at the surface border if the outer element is moisture saturated. Further, the moisture transfer at the lower boundary (i.e., the border representing the infinite ground) should be improved to better simulate the existing moisture transfer mechanisms at this border. Consequently, changes in the existing software code WUFI must be implemented to consider the effects discussed regarding liquid uptake of precipitation and liquid flow through and out of the simulated system.
Field measurements for soil temperature and moisture content for two specified soils are carried out right now under know boundary conditions. These data will allow a full comparison between measurement and simulation. This will tell us whether the simplification in the material properties and in the calculation model is acceptable.
The heat transfer coefficient at the soil surface varies with a number of factors that are not yet included in the simulation model. Once these improvements are implemented, the simulations results are more likely to better fit the measurements. An example of a factor not yet included is the effect on the wind-driven heat transfer coefficient resulting from the texture of the grass and the influence of surrounding objects. In addition, snow coverage of the ground, along with its effect on the surface thermal resistance and long-and short-wave radiation, has not been taken into account yet. 
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APPENDIX D-COMPOSITIONS OF THE 12 USCS SOIL TEXTURES AND THEIR THERMAL CONDUCTIVITIES
Estimated compositions of the 12 soil textures defined by the Unified Soil Classification System (USDA 2008) are listed in Table 5 .
The soil thermal conductivities as a function of water content, k(w), have been estimated for clay, sand, and silt. The thermal conductivities of the other nine soil textures are estimated by use of a system of linear equations described here.
If clay, sand, and silt are considered to be the components of the 12 soil textures, then let clay = X sand = Y silt = Z The three principal soil textures clay, sand, and silt can described as proportions of the components X, Y, and Z; hence, the soil compositions (according to the upper part of Table 5 ) are as follows: Clay = P clay ·X + P sand ·Y + P silt · Z = 60X + 20Y + 20Z Sand = P clay ·X + P sand ·Y + P silt · Z = 5X + 90Y + 5Z Silt = P clay ·X + P sand ·Y + P silt · Z = 8X + 8Y + 84Z Assume that the three principal soil textures are clay = A, sand = B, and silt = C. Note that variable A is the soil of clay, whereas X is the clay component. 
